Renqing Changjue (RQCJ), a precious Traditional Tibetan Medicine (TTM), has been widely used in the management of diseases of the digestive system, toxinosis and pyreticosis. However, in the formula, a significant level of heavy metals, which are potential toxic elements, are present. Therefore, it is important to assess the toxicity of RQCJ dynamically and holistically. In the present study, a 1 H NMR metabolomics approach and inductively coupled plasma mass spectrometry (ICP-MS) were implemented to analyze the samples of liver, kidney and spleen from rats treated with RQCJ. The results revealed that 9 metabolites in the liver, 13 metabolites in the kidney and 16 metabolites in the spleen were significantly altered, which suggest that disturbances in TCA cycle, amino acid metabolism, energy metabolism and oxidative stress are produced by successive administration of RQCJ over 15 days. Complemented by histopathology and biochemical assay, the trends of the metabolite levels indicate that RQCJ caused tissue injury to a certain extent, which was evidenced by the high levels of As and Hg in the tissue. The toxic effects of RQCJ were alleviated in liver and kidney during the recovery period, and RQCJ may cause long-term damage in spleen. These findings provide a significant experimental proof on the estimated safety and valuable information about the metabolism of RQCJ, which will be valuable in determining the health risks of the drug.
Introduction
Renqing Changjue (RQCJ), is a precious Traditional Tibetan Medicines (TTM), which has been recorded in the 'The Four Medical Tantras' early in the 8 th century as a mineral medicine.
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Based on the theory of Tibetan medical science, RQCJ is a black pill that consists of pearl, cinnabar, Santalum, Terminalia chebula, bezoar, musk, saffron and so on. The therapeutic effect of RQCJ is remarkable, especially on digestive system diseases, toxinosis and pyreticosis. However, with the wide application of Tibetan medicine, increasing concerns were raised regarding its safety problems. 'Zuotai' is the core ingredient of many Tibetan medicines including RQCJ, 2 which is prepared by adding different kinds of mineral substances that might cause biotoxicity. While previous studies on RQCJ focused more on its ingredients 3 and pesticidal effect, 4 the biotoxicity of RQCJ still remains unclear. Therefore, more studies are needed to understand RQCJ-induced toxicity in a comprehensive manner.
Metabolomics is a new method to study metabolic networks and the relationship between body metabolism and environment. It detects and quanties global metabolites from biouid or tissue samples with both endogenous and exogenous factors 5 and has been widely applied in many elds such as disease diagnosis, 6 drug discovery 7 and toxicological evaluation.
8
Among the techniques used in metabolomics, 1 H nuclear magnetic resonance (NMR) spectroscopy is an effective and non-destructive way to identify a number of biomarkers 9 and is applied widely to acquire the spectral proles of biouids and tissues. 10, 11 Body uids such as urine and serum are wildly examined to detect any systemic metabolic deregulation. 12 Tissue, on the other hand, is able to provide direct information on abnormal metabolic states or alterations happening in organs. 13, 14 More importantly, since some metabolic changes appear to be organ-specic, tissue metabolomics has become a powerful tool to directly identify the altered metabolites in organs. Inductively coupled plasma mass spectrometry (ICP-MS) is one of the most powerful techniques capable of detecting metals in biological uids at concentrations as low as 10
À15
and therefore, applied to determine the concentration of heavy metals in tissue extracts.
Recently, NMR metabolomics approach has been successfully applied in TTM studies 15 for elucidating the toxicological mechanism of TTM. In this study, we have combined the NMR tissue metabolomics technique with ICP-MS to investigate the effect of RQCJ in rats. Changes induced by different dosages of RQCJ in the metabolic proles of the liver, kidney and spleen of rats were successfully investigated. Several metabolic pathways including amino acid metabolism, energy metabolism and oxidative stress were found to be disturbed. The concentrations of heavy metals in the tissue extracts were determined. These results from the rat model could enhance our understanding of the toxicity or side effects of RQCJ.
Materials and methods

Chemicals and reagents
RQCJ (grant no. Z20110557) was purchased from Tso-Ngon Tibetan Medicine Hospital (QingHai, China period. Blood from the sacriced rats was centrifuged at 2000 Â g for 10 min to prepare serum for clinical biochemistry analysis. Liver, kidney and spleen tissues were removed immediately.
Half each of liver and kidney were immersed in 10% neutralbuffered formaldehyde for 24 h and embedded in paraffin to be stained with hematoxylin and eosin (H&E) for pathological analysis. The residual liver, kidney and the entire spleen were snap-frozen in liquid nitrogen and stored at À80 C for NMR and ICP-MS analysis.
Clinical biochemistry and histopathology
Clinical biochemical assays for the following parameters were performed on the serum samples in an Olympus 2700 analyzer (Olympus Co., Japan): aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), blood urea nitrogen (BUN), glucose (GLU), and cholinesterase (CHE). The formalin-xed liver, kidney and spleen slices were embedded in paraffin wax, sectioned at 5 mm thickness and stained with hematoxylin and eosin (H&E) for observation under a light microscope.
Sample preparation for ICP-MS measurement
The trace elements 75 H frequency and a temperature of 298 K. Spectra of the aqueous tissue extracts were recorded using onedimensional RESAT pulse sequence by applying a water presaturation suppression for a recycle delay of 2 s and a mixing time of 100 ms. For each sample, the free induction decay (FID) was measured from 128 scans producing 64k data points over a spectral width of 12 019 Hz. Before Fourier transformation, the FIDs were zero-lled to 64k points and processed with 0.5 Hz exponential line-broadenings. The assignment of metabolites for the tissue extracts was based on 2D ( 1 H-1 H) 
Data analysis
The phase and baseline of all the 1 H NMR spectra were converted using the MestReNova soware (Version 7.1.0, Mestrelab, Inc.) with shi correction by the TSP signal (d 0.00). Aer the removal of residual water signals (d 5.20-4.70), the spectral region d 9.5-0.5 of each tissue sample was binned into 4250 integral segments of equal length (0.002 ppm) and then normalized to the total sum of the spectrum.
The normalized NMR data was imported into SIMCA-P+12.0 (Umetrics, Sweden) and a series of multivariate statistical analysis were performed. Principle component analysis (PCA) was carried out using a mean-centered approach and the data was visualized using as principal component (PC) score plots to identify the general trends and outliers. Each point on the scores plot represents an individual sample. To improve the separation of groups and minimize the biological analytical variation, sample classes were modeled using PLS-DA and OPLS-DA algorithms by a unit variance-scaled approach; R 2 was used to assess the amount of variation represented by the principal components and Q 2 values indicated the robustness of the model. The model coefficients located the NMR variables associated with specic interventions as y variables. The model coefficients were then back-calculated from the coefficients incorporating the weight of the variables in order to enhance the interpretability of the model; in the coefficient plot, the intensity corresponds to the mean-centered model (variance) and the color-scale derives from the unit variance-scaled model (correlation). Thus, the biochemical components, which are responsible for the detected differences between samples in the score plots, can be extracted from the corresponding loadings with the weight of the variable contributing to the discrimination. The coefficient plots were generated with MATLAB scripts (downloaded from http://www.mathworks.com) with some inhouse modications and were color-coded based on absolute values of coefficients (r). In order to discriminate the variables contributing to the assignment of spectra into the different groups, the variable importance in the projection (VIP) values of all the peaks from the OPLS-DA models were analyzed. Moreover, an independent sample T-test was imported into SPSS Statistics Base 17.0 (SPSS Inc, USA) for detecting the signicant differences in selected signals between the two groups. A triple-standard was used to screen out the discriminative metabolites in our study, where the thresholds of |r| values, VIP values and p values were set as more than 0.750, more than 1.0, and less than 0.05, respectively.
Results
Clinical biochemistry and histopathology
Compared to the control group, AST was signicantly increased in both HD and MD groups aer successive administration of RQCJ for 15 days, while ALT increased only in the HD group. The level of BUN and ALP decreased in the HD and MD groups, whereas CHE decreased in the MD and LD groups. Aer a 15 day recovery, the mentioned changes had recovered to a certain degree. The details are displayed in Table S1 , ESI. † Fig. S1 † shows the histopathological changes in the liver and kidney aer H&E staining. There were no signs of apparent abnormality in control livers and kidneys. On the 15th day, slight necrosis, swelling of hepatocytes and mild tubular lesions were observed in rats. Samples extracted aer 15 days of regeneration showed recovery trends in the RQCJ-induced liver and kidney injuries. (Fig. S2 †) .
Metabolic responses of liver aer RQCJ administration
In order to nd possible outliers, a global PCA analysis of the 1 H NMR spectra was carried out. PCA of the liver extract from the 15th day ( Fig. 2A) displayed a separation between the NC group and RQCJ dosed groups. There was a slight overlap between NC and LD group; however, the RQCJ-dosed groups could not be distinguished very clearly. On the 30 th day (Fig. 2B) , the distinction between the groups was less clear compared to the 15th day. Interestingly, PLS-DA on the 15 th day (Fig. S3A †) presented more obvious separations between NC group and dosed groups, while the separation of the groups on the 30 th day was less clear (Fig. S3B †) . To achieve a global prole separation between the two classes, the supervised method of OPLS-DA was applied. A good separation between the liver extracts from the NC and each of the dosed groups could be observed as presented in Fig. 3 and S4. † In the color-coded loading plots of NC vs. HD on day 15, metabolites in the positive region (glutamine, betaine, glucose, lactate, uridine, inosine and formate) were increased in the HD group, whereas those in the negative region were deceased (glutamate, histidine, phenylalanine and niacinamide). On the 30 th day, when most of the disturbed metabolites were back to normal, there was still some signicant amount of metabolites in the high dosed group including alanine, acetate, lactate, lysine, glucose and histidine. The 1 H NMR-detected relative integral levels of metabolites in the liver samples of different treatment groups are shown in Table 1 .
Metabolic responses of kidney aer RQCJ administration
The PCA score plot of kidney (Fig. 2C) showed a clear separation between the HD group and NC group, while there were slight overlaps between the NC, MD and LD groups. As for the withdrawal period (Fig. 2D) , the difference between HD group and NC group was less obvious. The PLS-DA score plot on the 15 th day (Fig. S3C †) displayed a distinct separation of the four groups. While on the 30 th day (Fig. S3D †) , the separation was less obvious. The OPLS-DA score plots of kidney exhibited a clear separation between he dosed groups and NC group (Fig. 4 and S5 †) . The OPLS-DA coefficient plot (Fig. 4B) clearly suggested that glutamate, phenylalanine, glycine, taurine and glucose concentrations are high in the HD group, while isoleucine, leucine, valine, alanine, succinate, methionine, aspartate, creatine, tyrosine, and uridine are low in the HD group. Aer 15 Table 2 .
Metabolic responses of spleen aer RQCJ administration
A clear propensity for differentiation between the dosed groups and NC group could be observed on day 15 in the PCA score plot (Fig. 2E) . And aer the withdrawal period, there was no obvious recovery displayed in the dosed groups (Fig. 2F) . The PLS-DA score plot on the 15 th day (Fig. S3C †) displayed a clearly separation of the four groups and the separation was more obvious on the 30 th day (Fig. S3D †) .
The OPLS-DA score plots ( Fig. 5 and S6 †) showed that samples of the HD group were well discriminated from the NC group. Compared to the NC group, elevated levels of leucine, valine, isoleucine, lactate, alanine, glutamate, creatine, glycine, uracil, phenylalanine and tyrosine were observed in the HD group, whereas the levels of aspartate, taurine, glucose, fumarate, histidine, tryptophan, niacinamide, hypoxanthine and formate had decreased. There was no evident recovery on the 30 th day. The relative integral levels of metabolites in the spleen samples of different groups based on 1 H NMR are shown in Table 3 .
Metabolic pathway analysis
The identied biomarkers were subjected to pathway analysis using the MetaboAnalyst 3.0 (http://www.metaboanalyst.ca/ MetaboAnalyst/) soware. Pathways with impact value above 0.1 were screened out as potential target pathways. Seven potential target pathways were identied in the liver samples (Fig. 6A ) including D-glutamine and D-glutamate metabolism, Phenylalanine tyrosine and tryptophan biosynthesis, alanine aspartate and glutamate metabolism, phenylalanine metabolism, histidine metabolism, nicotinate and nicotinamide metabolism, and glyoxylate and dicarboxylate metabolism.
Results from the kidney samples revealed 9 potential target pathways including phenylalanine, tyrosine and tryptophan biosynthesis, D-glutamine and D-glutamate metabolism, valine, leucine and isoleucine biosynthesis, alanine, aspartate and glutamate metabolism, taurine and hypotaurine metabolism, phenylalanine metabolism, glycine, serine and threonine metabolism, tyrosine metabolism, arginine and proline metabolism (Fig. 6B) . In spleen, 10 potential target pathways (Fig. 6C) including phenylalanine tyrosine and tryptophan biosynthesis, D-glutamine and D-glutamate metabolism, valine leucine and isoleucine biosynthesis, alanine aspartate and glutamate metabolism, taurine and hypotaurine metabolism, phenylalanine metabolism, tryptophan metabolism, tyrosine metabolism, glyoxylate and dicarboxylate metabolism, and arginine and proline metabolism could be identied. The details of the pathways are given in Tables S2-S4 , ESI. †
Determination of As and Hg levels in the tissue samples by ICP-MS
ICP-MS is a useful technique that could help assess the existence of heavy metals. As RQCJ contains some heavy metals (Hg and As), measuring their concentration in the tissues could provide direct proof about the way RQCJ could affect the metabolism. The ICP-MS results are summarized in Table S5 † and Fig. 7 . The levels of both As and Hg were clearly dosedependent in the tissue samples. The concentration of As of dosed group rats showed an obvious increase in liver during the 30 day experiment, which meant that the accumulation of As was signicant in the liver. On the other hand, although aer 15 day of oral administration, the concentrations of Hg in the liver of dosed groups were substantially higher than the NC group, data showed no accumulation aer the 15 days of recovery. The changes of Hg and As showed the same trend in kidney, both increased during the oral administration and declined during the recovery period. The level of As showed a clear accumulation in spleen, while Hg could not even be detected (less than detection limit).
Discussion
In this study, we combined the NMR-based metabolomics approach with histopathological examination, biochemical assays and ICP-MS. The signicant level increases for the blood AST and ALT conrmed the hepatic injuries observed in histopathological. Blood BUN is one of the most frequently reliable biomarkers of kidney injury. The slightly decrease could be observed in dosed group, which may not obviously reveal the pathological changes in kidney, but the histopathological examination showed severe epithelial necrosis which more intuitively proved the kidney damage. Moreover, the multivariate analysis of NMR metabolomic proles and ICP-MS disclosed that RQCJ not only disturbed the function of cell membranes but also have an inuence on the immune system. Base on HMDB and KEGG pathway database (http:// www.genome.jp/kegg/), the schematic representation of the metabolic networks was shown in Fig. 8 .
RQCJ-induced metabolic alterations in rat liver
Liver is the chief and essential organ for metabolism and detoxication of xenobiotics in mammals. Glutamate is the precursor required for the production of the major natural antioxidant glutathione (GSH). 18 Decreased levels of glutamate and increased levels of glutamine were found in liver of RQCJadministrated rats. Glutamine could be utilized directly by the liver to produce glutathione. Due to oxidative stress caused by the arsenic in RQCJ, glutamate and glutamine were demonstrated to combat the oxidative injury by producing GSH. 21 The result of ICP-MS showed an obvious increase of As concentration in dosed group rats, which also supported this conclusion.
Betaine is an organic osmolyte in biological systems, which plays a key role in one of the methionine recycling pathways in the liver 22 and protects the body against osmotic stress. 20 Oxidation of choline to betaine occurs mainly in the mitochondria of liver cells via a series of enzymes. According to previous reports, increase of betaine may suggest a disturbance in the transmethylation pathway.
23,24
Also, betaine has shown hepatoprotective effects against oxidative stress; 25 hence, the upregulation of betaine could be a compensatory response.
Signicantly increased glucose levels in the RQCJ treated groups at day 15, especially in HD group, suggests that the gluconeogenic pathway 26 has been disturbed. Reduced glycolysis and enhanced glycogenesis and gluconeogenesis imply that the energy consumption was redirected to lipid oxidation. 27 
RQCJ-induced metabolic alterations in rat kidney
Alteration of renal amino acids including elevated levels of glycine and depleted levels of branched-chain amino acids (BACCs), asparagine, lysine and methionine was observed. Amino acids form the basic units for protein synthesis in living organisms. Increasing evidences have shown that renal injury is highly associated with abnormality in protein expression and amino acid reabsorption. 28 The alteration in amino acid levels probably represent structural damage of membrane protein in kidney induced by RQCJ and BCAAs were utilized to repair the membrane protein structure by synthesis of necessary proteins.
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Methionine is an essential amino acid required for the synthesis of cysteine and forms homocysteine through a demethylation reaction. Homocysteine is a well-established biomarker of renal function; its high concentration in kidney tissues is the sign of deteriorating renal function. 30 Meanwhile, signicant decrease of methionine suggests renal damage. Phenylalanine is an essential amino acid obtained from food and tyrosine is a semi-essential amino acid, which can only be synthesized by the hydroxylation of phenylalanine catalyzed by phenylalanine hydroxylase (PAH). 31 Because of the affected nutrition absorption induced by RQCJ, the phenylalanine metabolism seems to have been disturbed. Increased phenylalanine and decreased tyrosine detected in HD group rats implied inhibition of PAH, which is generally observed during chronic kidney failure.
32
Taurine is an important intracellular free b-amino acid in most mammalian tissues with a number of important physiological roles including antioxidation, osmoregulation, and bile acid conjugations. Through a myriad of these activities, taurine has exhibited protective function against various tissue damages. 33 Therefore, the increase of renal taurine level observed here is likely to be associated with RQCJ-caused oxidative stress on the kidney. 34 The decreased level of renal uridine in the rats treated with RQCJ could be ascribed to the elevated purine and pyrimidine catabolism in the kidney as an antioxidant effect. 
RQCJ-induced metabolic alterations in rat spleen
In our study, the HD rats showed a signicant decrease of spleen glucose and increase of lactate indicating that RQCJ could aggravate anaerobic metabolism. The energy supply pattern shied from aerobic to anaerobic metabolism. 35 The TCA cycle, the start and end of many metabolic pathways, plays a crucial role in energy metabolism. Succinate and fumarate are vital intermediates of the TCA cycle, the reduction of which restricts TCA oen resulting in nonspecic toxic effects. 35 The identied biomarkers such as aspartate, asparagine, glutamate and glutamine were all involved in the alanine, aspartate and glutamate metabolism pathway.
36 Up-regulation of glutamine and down-regulation of glutamate suggested that the pathway had been blocked. Therefore, increase of asparagine and decrease of aspartate led to a decrease of taurine. The decrease of spleen taurine level is probably associated with RQCJ-caused oxidative stress since taurine can function as an antioxidant with protective functions against injury.
8,33
Inuenced by the heavy metals in RQCJ, 37 an increased level of phenylalanine and decreased level of tyrosine was also observed in spleen similar to the trend in kidney tissue. Furthermore, the increased hypoxanthine and decreased uracil indicated that nucleotide catabolism had been disturbed by the oxidative stress. The increased level of alanine may also be because of the oxidative-stress-induced changes in energy expenditure.
38
Aer a 15 day recovery, the disturbed pathways in both liver and kidney showed some obvious improvement. However, instead of recovering, metabolic changes in the spleen tissue presented a small increment. As we know, spleen plays important roles in the immune system acting as the primary defense against all types of antigens that appear in circulation. The levels of glutamine were signicantly increased in spleen even on the 30 th day. Glutamine is utilized at high rates by cells of the immune system when the immune system is activated i.e. spleen promotes the usage of glutamine to produce glutathione. 39, 40 Hence, it seems that even aer the withdrawal period, spleen did not recover from the damage caused by RQCJ.
Conclusions
In summary, our results from this study show that RQCJ might be associated with perturbation of a variety of metabolic pathways. These ndings indicate that RQCJ may induce short-term and reversible injuries in liver and kidney. On the other hand, toxicity effects of RQCJ are more severe on spleen than those on liver and kidney as seen from signicantly altered metabolites, which did not improve within the 15 days recovery period. This study presents a comprehensive evaluation of the systemic response to the chronic toxicity of RQCJ and provides guidance to doctors on the use of RQCJ in clinical practice.
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